The vacuolar (v)-ATPase complex is a key regulator of the acidification of endosomes, lysosomes, and the luminal compartments of several cell types, tissues, and organs; however, little is know about the in vivo function of the v-ATPase complex or its roles during eye development. This study was conducted to characterize ocular defects in five zebrafish mutants in which core components of the v-ATPase complex were affected (atp6v1h, atp6v1f, atp6v1e1, atp6v0c, and atp6v0d1), as well as a sixth mutant in which a v-ATPase associated protein (atp6ap1) was affected.
T he retinal pigment epithelium (RPE) serves several critical roles during embryonic eye formation, as well as in maintaining visual function in adults (reviewed in Ref. 1) . During development, the RPE is necessary to cue proper development of the adjacent retina and particularly in regulating retinal lamination and photoreceptor morphogenesis (e.g., Refs. 2-4). In adults, RPE cells play a central role in the transport of ions, water, and nutrients between the blood and the retina; the reisomerization of all-trans-retinal to 11-cis-retinal during the visual cycle; structural support of photoreceptor outer segments; secretion of growth factors and neurotransmitters; and phagocytosis and degradation of shed photoreceptor outer segment debris. Several blinding diseases in humans, such as Leber's congenital amaurosis, 5, 6 Best macular dystrophy, 7 and age-related macular degeneration, 8 principally affect the RPE, underscoring its importance in the eye.
Pigmentation of the RPE results from the accumulation of melanin in specialized organelles of RPE cells called melanosomes, which are transported and anchored at the apical surface of RPE cells, such that a uniform black, pigmented layer is apposed to retinal photoreceptors. Melanosomes are mainly specialized in melanin synthesis and storage, but they are also thought to participate in the degradation of phagocytosed photoreceptor outer segments, in conferring protection from oxidative stress, and in the detoxification of visual cycle intermediates. 9 -11 Defects in melanin synthesis or transport result in albinism, which can be subdivided into two general categories: ocular albinism, in which solely the eye is affected and oculocutaneous albinism, in which the eyes as well as the skin and hair are affected. Albinism is a clinical manifestation in more than 25 genetic disorders in humans, including ocular albinism types I and II, oculocutaneous albinism types I-IV, Hermansky-Pudlak syndrome, Chediak-Higashi syndrome, and Griscelli syndrome. [12] [13] [14] [15] Patients with albinism have significantly reduced visual function, with overall acuity ranging from 20/40 to complete blindness. 16 The RPE is severely hypopigmented and underdeveloped in albinism, and these abnormalities cause light scatter and photophobia. Optic nerve projections do not map properly to the lateral geniculate nucleus, leading to strabismus in albinism, and patients also present with macular hypoplasia, which leads to nystagmus. 17, 18 From these and other studies, it is clear that RPE function and proper RPE pigmentation are essential for several aspects of vertebrate eye development and visual function; however, the molecular and cellular processes underlying this requirement remain unclear. With an interest in RPE/retinal interactions and the molecular nature of these interactions, we have examined six recessive zebrafish mutations that present with oculocutaneous albinism and retinal defects. 19, 20 The mutations in five of the lines disrupt the loci encoding protein subunits of the vacuolar (v)-ATPase complex (atp6v0c, atp6v0d1, atp6v1e1, atp6v1h, and atp6v1f), and the sixth mutation disrupts the locus encoding a v-ATPase-associated protein (atp6ap1).
v-ATPase is a multiprotein complex, consisting of 13 different subunits assembled into a heteromeric protein complex (Fig. 1  21 ) . v-ATPases are best known for their roles in proton transport, through which they participate in the acidification of endosomes, lysosomes, and luminal compartments of organs such as the kidney. v-ATPase activity also plays important general roles in regulating protein degradation, intracellular transport, and membrane fusion, and more novel developmental roles in regulating synaptic vesicle exocytosis, patterning of the embryonic left-right axis, and mediating extracellular signaling events by facilitating the release of Hedgehog pathway ligands. [21] [22] [23] [24] [25] [26] In addition, a recent study in zebrafish demonstrated that the atp6v0a1 subunit of v-ATPase plays a key role in mediating the fusion between phagosomes and lysosomes in microglia within the brain, and that this fusion is required for neuronal degradation and clearance of apoptotic neurons in vivo. 24 To date, two human disorders have been attributed to v-ATPase subunit defects: distal renal tubular acidosis and autosomal recessive osteopetrosis, both of which result from homozygosity for mutations in kidney-and bone-specific isoforms of ATP6V1B1 and ATP6V0a3, respectively. 27 No v-ATPase gene mutations have yet been linked to blinding or albinism conditions in humans; however, the v-ATPase complex is expressed on human melanosomes 28 and mouse melanocytes, 29 and v-ATPase subunits are expressed within the zebrafish eye. 30, 31 We present an analysis of the ocular defects in zebrafish v-ATPase mutants. v-ATPase complex function was essential for the cell cycle exit of retinoblasts within the embryonic retina, as well as for the sustained proliferation of retinal stem cells at the ciliary marginal zone (CMZ). v-ATPase function was necessary for the survival of newly generated neurons at the CMZ of the retina, as well as within the ventricular zones of the brain. Finally, our results demonstrated that the v-ATPase complex was essential for patterning and maintenance of photoreceptor outer segments of the retina and for pigmentation and function of the RPE. From these data we conclude that the v-ATPase complex plays a key role in regulating eye growth, neuronal survival and photoreceptor morphogenesis. Given the expression of v-ATPase subunit genes by cells of the RPE, these results suggest that each of the ocular defects observed in v-ATPase mutants might reflect nonautonomous functions for the vATPase complex within the RPE.
MATERIALS AND METHODS

Zebrafish Maintenance and Strains
Zebrafish (Danio rerio) were maintained at 28.5°C on a 14-hour light/10-hour dark cycle. Embryos were obtained from the natural spawning of heterozygous carriers set up in pair-wise crosses. Embryos were collected and raised at 28.5°C and were staged according to a method used in a prior study. 32 All animals were treated in accordance with provisions established at the University of Texas at Austin to govern animal use and care and adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Mutant alleles used in the study were atp6ap1 hi112 , atp6v1h hi923 , atp6v1f hi1988 , atp6v1e1 hi577a , atp6v0d1 hi2188b , and atp6v0c hi1207 . Because a82 proved to be allelic to atp6ap1, it is referred to as atp6ap1 a82 in agreement with Zebrafish Nomenclature Guidelines.
Reverse-Transcription Polymerase Chain Reaction (RT-PCR)
Ten to 20 embryos were homogenized (TRIzol reagent; Invitrogen, Carlsbad, CA) with a 25-gauge needle and syringe. Total RNA was purified by chloroform extraction and isopropanol precipitation. cDNA from each mutant was synthesized (iScript cDNA synthesis kit; Bio-Rad, Hercules, CA), from 500 ng of total RNA. PCR was performed with 1.25 L of the resulting cDNA. Primer sequences (shown in Figure 3 ) were as follows (5Ј-3Ј): atp6ap1: 5Ј-1 CTCTGCTCATGCT-GCTCATC, 3Ј-1 TGCACTTGATTTTTCCATGC, 5Ј-2 CTCCAGCAGAAT-GACGGAAG, 3Ј-2 TAGGTGAGGATGAGCAGCAT; atp6v1e1: 5Ј-1 GAGCTGTATTTGCAAAGCAGACGC, V GCTAGCTTGCCAAACCTA-CAGGT, 3Ј-1 AGAACCAGTCCGTCCATCAG; atp6v1h: 5Ј-1 AATGCT-GAACCGTCAAGACC, 3Ј-1 CTCCAGCAGGTTCCTGAAAG, 3Ј-2 CACAAC-GACAAAAGCACAAGAG; atp6v0c: 5Ј-1 AGCTTTCCTCCCTTTTCTGC, 3Ј-1 CAGCACCTCTGCAAAGATCA, 5Ј-2 CCCTTAGTGGACAGGATGAGG; atp6v1f: 5Ј-2 TTGGTGGTGGAGAAGGAAAC, 3Ј-2 ATCTGCTCAGGCCA-GACTGT, 5Ј-1 TCGCAGTTATCGGTGATGAAG, 3Ј-1 GCGAGATGGAT-GAGAATACCC; and atp6v0d1: 5Ј-2 TCAGGCGGATTATTTGAACC, 5Ј-1 GCTGACGATTATGAGCAGGTC, 3Ј-2 GAGTGGCGTAGTGCAAGAAAC.
Histology
Histology was performed as described elsewhere. 33 Briefly, mutant and wild-type sibling embryos were collected and fixed overnight at 4°C in a solution of 1% (wt/vol) paraformaldehyde, 2.5% glutaraldehyde, and 3% sucrose in PBS. They were washed three times for 5 minutes in PBS and refixed for 90 minutes at 4°C in a 1% OsO 4 solution, washed three times for 5 minutes each in PBS at RT, and dehydrated through a graded ethanol series (50, 70, 80 , 90, 2 ϫ 100%). Embryos were further dehydrated two times for 10 minutes each in propylene oxide and infiltrated for 1 to 2 hours into a 50% propylene oxide/50% Epon/ Araldite mixture (Polysciences, Inc., Warrington, PA). Embryos were then incubated overnight at RT in 100% Epon/Araldite resin with caps open to allow for propylene oxide evaporation and resin infiltration, embedded, and baked at 60°C for 2 to 3 days. Sections (1.5 m) were cut, mounted on glass slides, and stained in a 1% methylene blue/1% borax solution. Sections were mounted in DPX (Electron Microscopy Sciences, Hatfield, PA) and photographed on a microscope (DMRB; Leica, Deerfield, IL) mounted with a digital camera (DFC320; Leica). Images were subsequently processed with image-management software (CS2 Photoshop; Adobe Systems, San Jose, CA).
Transmission Electron Microscopy
For transmission electron microscopy, embryos were processed for histology, and transverse sections, 70 to 90 nm in thickness, were cut through the central retina and mounted onto grids. The sections were stained with lead citrate and uranyl acetate. The images were obtained on a transmission electron microscope (80 kV, model 208; Philips, 21 Gray: the V 0 complex components; white: V 1 components. atp6ap1 is a v-ATPase-associated protein; however, the nature of its interactions with the complex are unknown. ATP is hydrolyzed by the V 1 complex, which provides energy for two protons to be transported through the membrane V 0 pore into the luminal compartments of organs and/or intracellular organelles. 
Riboprobes and In Situ Hybridization
Hybridizations were performed essentially as described by Jowett and Lettice, 34 with digoxigenin labeled antisense RNA probes. cDNA clones containing v-ATPase subunit genes were either purchased from Open Biosystems (Huntsville, AL; atp6ap1, atp6v0d1, atp6v1e1, atp6v1h, atp6v1f), or cloned from 24-hour post fertilization (hpf) cDNA (atp6v0c; cloning details available on request).
Immunohistochemistry
Immunohistochemistry was performed as according to a published method. 35 Briefly, mutants and wild-type siblings were collected and fixed overnight at 4°C in a solution of 4% paraformaldehyde in PBS. The embryos were washed at room temperature (RT) three times for 5 minutes in PBS and then infiltrated with 35% sucrose for 1 to 2 hours at RT. The embryos were then arranged and embedded in plastic molds containing TBS cryopreservation medium (Triangle Biomedical Sciences, Durham, NC). Cryosections 12 m in thickness were cut on a cryostat (HM550; Microm International, Walldorf, Germany) and attached to gelatin-coated slides. After drying for 1 to 2 hours at RT, the slides were marked with a hydrophobic marker (PAP pen), rehydrated briefly in PBS, and blocked for 1 to 2 hours in 5% NGS. Primary antibodies, diluted in 5% NGS, were added and the slides incubated overnight at 4°C. Slides were then washed in PBS at RT two times for 5 minutes and one time for 30 minutes each and incubated in secondary antibody, diluted in 5% NGS, for 90 minutes at RT. The slides were briefly washed in PBS and the nuclei stained with Sytox Green (1: 10,000; Invitrogen-Molecular Probes, Eugene, OR) for 12 minutes at RT. The slides were then washed three times for 15 minutes in PBS at RT and mounted in antifade mounting medium (Vectashield; Vector Laboratories, Inc., Burlingame, CA). The following antibodies and dilutions were used: 1d1 (1:100), 5e11 (1:100), zpr1 (1:200), zn8 (1: 100), PKC (1:150), and goat anti-mouse Cy3 secondary (1:500). Imaging was performed in a Pascal laser scanning confocal microscope (LSM5; Carl Zeiss Meditec, Inc., Dublin, CA). Three to five optical sections (1 m in thickness) were collected and projected by using the confocal microscope's software (Carl Zeiss Meditec, Inc.).
BrdU Assays
BrdU incorporation assays were performed as described in Lee et al. 36 Briefly, embryos were dechorionated and exposed to a 10-mM solution of BrdU (Sigma) for defined periods of time and either immediately fixed and processed for immunohistochemistry or washed five times in fresh fish water and cultured until fixation. Cryosectioning and immunohistochemistry were performed as just described, with the addition of a 10-minute incubation at 37°C in 4 M HCl before blocking, to relax the chromatin and facilitate BrdU detection. Rat anti-BrdU (Roche Molecular Diagnostics, Indianapolis, IN) was used at 1:100 in conjunction with a goat anti-rat Cy3 secondary antibody (1:500). Cell counts were performed on sections through the central retina, as indicated by the presence of an optic nerve. BrdU-positive nuclei were identified by their intense fluorescence and were counted from sections obtained from at least three different wild-type or mutant embryos, derived from at least two different mating pairs. Averages of BrdU-positive cells at each time point were compared to wild-type controls by using a Student's t-test for statistical significance (Prism; GraphPad Software, San Diego, CA).
TUNEL Assays
TUNEL assays were performed on cryosections with a TMR-red label (In situ Cell Death Detection Kit; Roche Applied Science) per the manufacturer's instructions and were imaged by confocal microscopy.
RESULTS
Zebrafish v-ATPase Mutants
The zebrafish v-ATPase mutant phenotype is characterized by oculocutaneous albinism (Fig. 2) . Recessive mutants have reduced pigmentation along their body axis and reduced pigmentation of the RPE. Mutants can be easily distinguished from their wild-type siblings as early as 2 days post fertilization (dpf) as a result of these pigmentation defects (Fig. 4 , and data not shown). In the RPE, pigmentation levels varied between mutants with the most severely affected mutants, atp6v1h, atp6v1f, and atp6v0c, showing large patches of nonpigmented RPE in the midst of pigmented RPE (Figs. 2CЈ, 2DЈ, 2GЈ), and the least severely affected mutant, atp6v1e1, having nearnormal RPE pigmentation (Fig. 2EЈ ). Mutants were microphthalmic with eye sizes ϳ 20% smaller on average than their wild-type siblings at 5 dpf, and by external examination, the RPE was morphologically abnormal in some of them (e.g., atp6v0c, Fig. 2G ). Melanocytes along the body axis were enlarged and abnormal in shape, and they were fainter in their level of black color, likely reflecting a defect in the level and/or distribution of melanin pigment within these cells (Figs. 2H-K). Mutants were also generally smaller then their wild-type siblings and, other than a small number of atp6ap1 and atp6v0d1 embryos, most did not inflate their swim bladders. Whereas all organs appeared to be present in the mutants, overt defects in internal organ appearance were detected in some embryos (e.g., brown color of the gastrointestinal tract in atp6ap1), and several of the mutants typically presented with larger amounts of unconsumed yolk than did their wild-type siblings (e.g., atp6v1f, atp6v0c). atp6v0c mutants frequently presented with several additional nonocular and/or pleiotropic phenotypes between 5 and 6 dpf. These included pericardial edema, periocular and subdermal swelling, widespread necrosis, and yolk degeneration. atp6v0c mutants also showed substantially higher levels of lethality, with most mutants dying by 6 dpf. Beyond these overt analyses, other organ systems have not yet been analyzed in depth, and thus it is entirely possible that they are also affected in the mutants.
Because these mutants were generated through retroviral insertional mutagenesis 19, 37 we first wanted to determine what effect that proviral insertion had on expression of the locus. In Figure 3 , the approximate position of each proviral insertion has been mapped onto a schematic of the mutated gene (www.ensembl.org/Danio_rerio/ 38 ). RT-PCR was then performed on total RNA samples isolated from 5 dpf wild-type and mutant embryos from each line, and transcript levels were assayed for each v-ATPase subunit using primer sets flanking and/or downstream of the proviral insert (Fig. 3) . Transcripts from the mutated locus were undetectable in two of the mutants, atp6v1h (Fig. 3B ) and atp6v0c (Fig. 3F) , and transcript levels were dramatically reduced in two others, atp6ap1 (Fig. 3A) and atp6v1f (Fig. 3C) . In atp6v1e1 mutants, the proviral insert was located in the 5ЈUTR, and it was transcribed into an abnormal N-terminal fragment mRNA (Fig. 3D ). With the large proviral insertion included in the 5ЈUTR, it is doubtful that this aberrant atp6v1e1 transcript would be efficiently translated into protein, and it is likely to be degraded in most embryos. In atp6v0d1 mutants, the proviral insertion is located in the sixth intron of the atp6v0d1 gene, which results in mRNA splicing defects in which a portion of the viral sequence is spliced into a subset of atp6v0d1 transcripts (Fig. 3E ). Sequencing these splice variants revealed a frameshift in the atp6v0d1 coding sequence, which leads to the translation and inclusion of a portion of the viral sequence into the atp6v0d1 protein and generates a premature stop codon (data not shown). The net result of this is truncation of the atp6v0d1 protein and an From the results of these RT-PCR assays, we conclude that the atp6ap1, atp6v1h, atp6v0c, atp6v1f, and atp6v1e1 mutations are null alleles. Given the similarity in phenotypes between the different v-ATPase subunit mutations, we also predict that the atp6v0d1 mutation is a null allele, but we cannot rule out the possibility that it encodes a protein with dominantnegative activity. No embryonic phenotype was observed in atp6v0d1 heterozygotes, suggesting that this is not likely to be the case; however, no structure-function studies have been reported for the v0d subunit that would inform us as to the function of these 53 C-terminal residues. 39 
Histologic Analysis of the v-ATPase Mutant Eye
Our previous studies have shown that v-ATPase mutants are unresponsive to visual stimuli in optokinetic response assays and that this probably results from underlying defects in retinal and/or RPE development. 20 To better assess the visual system defects in v-ATPase mutants, we first performed a series of histologic analyses over the first 5 days of embryonic development to identify the full scope of the v-ATPase mutant ocular phenotype.
The wild-type eye at 2 dpf contained a well-formed lens and a thin but well-pigmented RPE, and retinal lamination had commenced in the central retina with an obvious ganglion cell layer (GCL) and inner plexiform layer (IPL) present at this point (Fig. 4A) . Proliferation continued at the retinal periphery in the CMZ (Fig. 4A) . v-ATPase mutants could be identified at 2 dpf, and by comparison to the wild-type at this time, the v-ATPase mutant eye possessed a thinner and less-pigmented RPE (Figs. 4B-G). Lens development was normal but retinal lamination was slightly delayed relative to that in the wild-type eye. Overall eye size was also smaller, and therefore the mutants could be considered microphthalmic at this stage of development. At 3 dpf in the wild-type eye, the RPE had grown thicker and melanin synthesis and accumulation had increased, such that the RPE was dark black in appearance (Fig. 4H) . Retinal lamination was largely complete, with only small nonlaminated regions remaining at the CMZ. Photoreceptor mor- 
, and atp6v0c (G) mutants, and higher magnification dorsal views (AЈ-GЈ). In the RPE, pigmentation defects ranged from slight hypopigmentation (atp6v1e1) to severe hypopigmentation (atp6v1h), when compared with a wild-type embryos. Melanophore shape and distribution along the body axis were also affected in each of the mutants. (H, I) dorsal head; (J, K) dorsal tail.
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IOVS, February 2009, Vol. 50, No. 2 phogenesis was also well under way in the outer nuclear layer (ONL) with photoreceptor outer segments elongating and beginning to interdigitate with the RPE. In contrast, the v-ATPase mutant RPE remained hypopigmented relative to the wild-type RPE (Figs. 4I-N) , and moreover, patches of nonpigmented RPE were observed in some mutants (Fig. 4I) , whereas in others, large clumps of pigmented RPE were displaced into the ONL or the subretinal space (Fig. 4M) . Mutant eyes remained microphthalmic and regions of pyknotic nuclei and acellular holes were observed within the retina (Fig. 4K ) and near the CMZ (Fig. 4N ) of some mutants, suggestive of increased levels of apoptosis. At 5 dpf the wild-type eye had grown considerably and possessed all differentiated cell types (Fig. 4O) . The RPE lined the posterior of the eye and microvilli interdigitated around the photoreceptor outer segments, to provide structural support. In v-ATPase mutants the RPE remained hypopigmented (Figs. 4P-U), except in atp6v1e1 mutants, which had near-normal levels of pigmentation (Fig. 4S) . In most mutants, RPE morphology was highly abnormal. In some eyes, patches of nonpigmented RPE were evident (Figs. 4P, 4T) and regions of clumped pigmented cells had invaded the retina (Fig. 4T) . Retinal lamination appeared unaffected in all mutants except for atp6v0c (Fig. 4U) ; however, photoreceptor morphology was abnormal. In some mutants, photoreceptor outer segments were longer and/or disorganized (Figs. 4PЈ, 4QЈ) , whereas in others, outer segments were nearly absent (Figs. 4SЈ, 4UЈ ). Mutant eyes remain microphthalmic, and regions of pyknotic nuclei continued to be observed near the CMZ in all mutants (Figs. 4P, 4Q , 4U) and throughout the atp6v1f retina (Fig. 4R ).
Identification and Cloning of an ENU-Induced Allele of atp6ap1
a82 is a recessive mutation that was identified in an ENU-based forward genetic screen due to its severely hypopigmented body and RPE ( Fig. 5A ; Darland T, unpublished observations, 
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. a82 mutant histology showed obvious RPE and retinal defects similar to those observed in v-ATPase mutants (Figs.  5B-D) . Given the similarities in phenotype between the v-ATPase mutants and a82, we tested whether a82 was allelic to any of the insertional v-ATPase mutations. Complementation crosses identified atp6ap1 as a noncomplementing allele of a82, strongly suggesting that a82 possesses a mutation in the atp6ap1 gene. Cloning and sequencing of the atp6ap1 locus in a82 mutants revealed that a82 mutants possessed a T3 A nonsense mutation at position 317 of the atp6ap1 coding sequence (Fig. 5E ). This led to an L3 X amino acid change and a premature stop codon at position 106 of the atp6ap1 protein, truncating it to 23% of the wild-type size. The Drosophila, bovine, mouse, zebrafish, and human atp6ap1 proteins all contain putative transmembrane domains at the C termini 40 ; and this domain was eliminated in the a82 mutants (Fig. 5E) . We now refer to a82 as atp6ap1 a82 , in accordance with zebrafish nomenclature guidelines. We predict that the atp6ap1 a82 -encoded fragment is nonfunctional and thus that atp6ap1 a82 is a null allele. For all subsequent experiments, data are presented from experiments performed on two of the v-ATPase mutants: atp6ap1and atp6v0d1. In all experiments on atp6ap1, the atp6ap1 hi112 allele was used. Similar results were obtained in all assays from each of the other v-ATPase mutants, except where noted.
v-ATPase Expression
To begin to analyze the phenotypes present in v-ATPase mutant embryos and their underlying causes, we first sought to determine the relevant domains of v-ATPase expression in the developing embryo. RT-PCR on total RNA samples isolated from two-cell-stage embryos indicated that all the subunits are maternally provided (data not shown). In situ hybridization revealed overlapping regions of expression for each transcript at 24 hpf (Fig. 6 and data not shown) . v-ATPase expression was observed in the RPE (Figs. 6A, 6C, 6E, 6F ) and along the dorsal surface of the embryo, probably in neural crest-derived pigment cells (Figs. 6B, 6E ). In addition, spots of expression were observed over the yolk, most likely the mucous cells that cover the surface of the embryo, and expression was also observed in the brain. Similar expression of these and additional v-ATPase subunit transcripts has also been reported in zebrafish. 30 No staining was observed in sense controls (data not shown). Wild-type embryos possessed a mildly pigmented RPE at 2 dpf that became increasingly pigmented at 3 (H) and 5 (O) dpf as melanin levels rose. In wild-type embryos, the RPE was continuous, forming an epithelial layer encompassing the retina out to the retinal periphery. v-ATPase mutants showed very little RPE pigmentation at 2 dpf (B-G). Although pigment levels increased at 3 (I-N) and 5 (P-U) dpf in the mutants, they failed to reach wild-type levels in all but the atp6v1e1 mutants (L, S). RPE morphology was significantly affected in the mutants in which large patches of RPE lacking pigmentation were apparent (T, arrow), and thickened clumps of RPE invaded the retina (T, arrowhead). Retinal patterning was also disrupted. Photoreceptor morphology was abnormal where photoreceptor outer segments were dramatically elongated in some mutants (PЈ, TЈ) and appeared underdeveloped or absent in others (SЈ, UЈ). Pyknotic nuclei and acellular holes were observed at the ciliary marginal zone (e.g., P, Q, U) and in the retina (R). Transverse sections, dorsal is up in all images. ONL, outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; CMZ, ciliary marginal zone; ON, optic nerve. Scale bars, 100 m.
Retinoblast Proliferation and Neuronal Apoptosis in v-ATPase Mutants
We next wanted to determine how loss of v-ATPase activity leads to microphthalmia. Three hypotheses that could account for the reduction in eye size are: reduced overall proliferation of cells within the optic cup and/or the CMZ, deficiencies in the timing of cell cycle exit, and/or increased cell death.
To test the first two of these hypotheses and assay retinoblast proliferation, we used BrdU incorporation to identify CMZ cells in the S-phase over the duration of BrdU exposure. The embryos were exposed to BrdU from 36 to 48, 48 to 60, and 72 to 96 hpf and were either fixed immediately (Figs. 7A-C, 7E-G, 7I-K) or washed clear of BrdU, allowed to grow for an additional 24 hours, and then fixed (Figs. 7D, 7H, 7L ). This exposure and fixation regimen enabled identification of the total number of proliferative cells at 48 hpf, the earliest time at which the mutants can be phenotypically identified, and at 60 and 96 hpf, as well as an assessment of the subsequent number of divisions and survival of these cells between 96 and 120 dpf.
From 36 to 48 hpf, wild-type embryos possessed 172 Ϯ 6 BrdU ϩ cells (Fig. 7M) , and most of these were distributed to the peripheral retina and the outer retinal regions (perspective INL/ONL; Fig. 7A ). By comparison, the atp6ap1 mutants possessed 198 Ϯ 12 BrdU ϩ cells and the atp6v0d1 mutants possessed only 217 Ϯ 16 (Fig. 7M) , and these cells were localized throughout the entire retina (Figs. 7E, 7I) . From 48 to 60 hpf, wild-type embryos possessed 143 Ϯ 12 BrdU ϩ cells (Fig. 7M) , nearly all of which were located at the retinal periphery or in recently born photoreceptors (Fig. 7B) . Over this period, atp6ap1 mutants possessed 150 Ϯ 15 BrdU ϩ cells, while atp6v0d1 mutants possessed 211 Ϯ 13 (Fig. 7M ). In the mutants, BrdU ϩ cells were at their highest density at the retinal periphery; however, they also extended throughout the entire ONL as well as scattered throughout the INL (Figs. 7F, 7J ). BrdU exposures from 72 to 96 hpf indicated that over this period, wild-type embryos possessed 58 Ϯ 6 BrdU ϩ cells (Fig.  7M) , all located within the CMZ (Fig. 7C) , while atp6ap1 mutants possessed 38 Ϯ 7 and atp6v0d1 only 25 Ϯ 5 BrdU ϩ cells (Fig. 7M) . All BrdU ϩ cells were properly localized to the CMZ in the mutants at 96 hpf (Figs. 7G, 7K) . By 5 dpf, differences between the mutants and wild-type siblings became more dramatic, and wild-type embryos possessed on average of 70 Ϯ 6 BrdU ϩ cells (Fig. 7M) . During retinal growth, as CMZ cells exit the cell cycle and begin to differentiate they are coordinately displaced into the retina to eventually take their proper laminar position. 41 Thus, as expected, most of the BrdU ϩ cells in wild-type embryos had begun to integrate centrally into the retina, concomitant with their differentiation as retinal neuron subtypes (Fig.  7D) . In contrast to this, atp6ap1 mutants possessed only 28 Ϯ 9 BrdU ϩ cells, and atp6v0d1 mutants possessed only 23 Ϯ 4 BrdU ϩ cells (Fig. 7M) . In addition, all the BrdU ϩ cells in both mutants remained at the CMZ, none were localized within the retina (Figs. 7H, 7L) .
Histologic examinations show an increase in pyknotic nuclei internal to the proliferative zone of the CMZ in v-ATPase mutants beginning at 3 dpf (Fig. 4) ; the location of these apoptotic foci internal to the highly proliferative zone of the CMZ suggests that they are CMZ-derived and that they are undergoing apoptosis during or just after their exit from the cell cycle. To test the latter hypothesis for microphthalmia in the v-ATPase mutants, TUNEL staining was performed on wildtype and v-ATPase mutant retinas at 2, 3, and 5 dpf. Indeed, substantially higher levels of apoptosis were observed in the v-ATPase mutant retina (Fig. 8) . No apoptotic nuclei were observed in wild-type or atp6v0d1 mutant embryos at 2 dpf (Figs. 8A, 8I ), and few were observed in atp6ap1 mutants ( Figs. 8C, 8G,  8K ). Elevated numbers of apoptotic cells were also observed throughout the atp6v1f retina at 5 dpf (data not shown).
Morpholino knockdown of the atp6v0a1 subunit in zebrafish leads to deficiencies in microglial-mediated mediated neuronal degradation and clearance of apoptotic neurons within the zebrafish brain. 24 Loss of atp6v0a1 function was not reported to lead to increased levels of apoptosis in the brain, however. In each of the v-ATPase mutants described, when compared to wild-type siblings, substantial increases in TUNEL ϩ cells were observed scattered throughout the brain (Figs. 8D, 8H, 8L) , as well as in distinct foci adjacent to the ventricular zone (Fig. 8H) . In addition, apoptotic cells were often observed in clusters where six to seven TUNEL ϩ cells were located in close proximity to one another (Figs. 8H, 8L) . 
Disorganization of the ONL in v-ATPase Mutants
We next wanted to further examine retinal patterning in vATPase mutants using immunohistochemical markers for retinal neuron subtypes (Fig. 9 ). All retinal cell types were present in the v-ATPase mutant retina and lamination was normal (Figs. 9A-C and data not shown). However, as suggested from histology, ONL morphology was disrupted (Figs. 9D-L) . Staining for both 1d1, a marker of rods (Figs. 9D-F) , and zpr-1, a marker of red-green double cones 42 demonstrated the presence of numerous folds or rosettes of photoreceptors in the mutant retina. Photoreceptors within these regions formed outer segments, but they were disheveled in appearance when compared with control outer segment morphology (Figs. 9D-I ), and they were not oriented perpendicularly to the RPE (Fig.  9I ). Superimposing zpr-1 and DIC images revealed that the photoreceptors in these disrupted regions were no longer apposed to the RPE but rather they were localized more internally within the retina, adjacent to what appeared to be either FIGURE 8. v-ATPase mutants exhibited increased levels of apoptosis in the CMZ and brain. Wild-type embryos exhibited few TUNEL ϩ cells in their eye at 2 (A), 3 (B), or 5 (C) dpf. Conversely, v-ATPase mutants showed increased levels of apoptosis. Several TUNEL ϩ cells were observed in the atp6ap1 mutants as early as 2 dpf (E), whereas few were found in the atp6v0d1 mutants (I). Apoptosis rose dramatically in both mutants at 3 dpf (F, J) with scattered cells observed throughout the retina and concentrated apoptotic regions (F, J, arrows) localized internal to the ciliary marginal zones (F, J, arrowheads) . 
IOVS,
gaps between the retina and RPE, and/or regions of morphologically abnormal RPE (Figs. 9J-L) . In addition, as suggested from histology (Figs. 4S, SЈ), many photoreceptors in atp6v1e1 mutants lacked 1d1 and zpr-1 stained outer segments (data not shown).
To gain a high-resolution view of the photoreceptor and RPE defects, we next performed transmission electron microscopy (TEM) on ultrathin sections cut from wild-type and atp6ap1 and atp6v0d1 mutants (Fig. 10) . At 3 dpf, wild-type photoreceptor outer segments were positioned adjacent to the RPE, and they grew toward it perpendicularly (Fig. 10A) . By 5 dpf, wild-type outer segments had grown considerably and had interdigitated into the RPE where pigmented microvilli extended from the RPE to surround individual outer segments (Figs. 10D, 10G ). By comparison, at 3 dpf, vATPase mutant photoreceptors were rarely observed adjacent to RPE cells; rather, they projected around regions of bloated RPE and were separated from the RPE by gaps of one to several hundred nanometers (Figs. 10B, 10C) . By 5 dpf, photoreceptor morphologies were highly abnormal; the outer segments were disorganized and disheveled in appearance (Figs. 10E, 10F ). Mutant RPE was disrupted, in comparison to the RPE of wild-type embryos, which is a continuous epithelium ϳ 2.5 m wide and filled with thousands of smooth-edged melanosomes (Figs. 10A, 10D ). The mutant RPE, when present, was much thicker (ϳ10 m on average) and its morphology was highly abnormal (Figs. 10E, 10F , 10H, 10I). Mutant RPE cells also often contained large intracellular membrane-bound vacuoles (Figs. 10C, 10F ), possibly lysosomal in origin, that contained fragments of undigested outer segment material (Fig. 10K) . Melanosome formation was compromised in v-ATPase mutants where their morphology was highly abnormal, and they appeared either to have failed to properly mature into smooth-edged melanosomes or to have ruptured at some point during their morphogenesis (Figs. 10H, 10I) . Undigested photoreceptor outer segments were evident in the mutant RPE (C, asterisk) and large vacuolated regions are present in the mutant RPE (C, arrow). Cone outer segments have formed, but they were not tightly apposed to the RPE as they were in the wild-type. (D, G, J) At 5 dpf, the wild-type RPE had attained a mature morphology where microvilli extended and interdigitated between photoreceptor outer segments (G, arrow). (E, F, H, I, K) In mutants, the RPE was substantially thicker than that in the wild-type, with large vacuolated regions evident (F, arrow). No RPE microvilli were observed. Photoreceptor outer segments were malformed and disheveled in appearance, and shed discs were observed in membranebound vacuoles throughout the RPE (K, arrow). (H, I) Melanosomes were abnormal in shape and appeared underdeveloped or to have ruptured.
DISCUSSION
In this study, we characterized the ocular defects in seven recessive zebrafish v-ATPase mutants that disrupt five different core subunits of the v-ATPase complex, and a v-ATPase associated protein. In addition, morpholino-induced phenotypes for atp6v0b and atp6v0c have also been reported, and these closely resemble the mutant phenotypes described herein. 36, 43 Zebrafish v-ATPase mutants are oculocutaneous albinos and, in the RPE, this is likely to result from combined defects in melanosome formation, localization, and survival. The RPE is severely disrupted in v-ATPase mutants with some regions of the eye lacking visible RPE altogether, leading to an overall patchiness in eye pigmentation in the mutants. In addition, where present, the RPE is bloated and appears to be malformed. Melanosomes are present in these RPE regions; however, they are hypopigmented and many appear also to be malformed, or to have ruptured.
The v-ATPase complex plays key roles in the acidification of lysosomes and endosomes. 21 Melanosomes are lysosome-related organelles and several reports have detailed the similarities in biogenesis and cellular functions between these organelles. 44 -46 Like lysosomes, melanosomes are acidic organelles with intracellular pH values as low as 4.0. 47 Several studies have suggested that melanogenesis is dependent on a low intracellular pH, as experimental disruption of the pH gradient across melanosomes results in defects in melanin levels and in overall melanosome morphology. 48 -50 Other studies have suggested instead that melanogenesis occurs at a neutral pH and that decreases in melanosomal pH actually inhibit the enzymes required for melanin synthesis. [51] [52] [53] [54] We do not yet know the pH of melanosomes in the v-ATPase mutant RPE, and attempts at measuring this in vivo with pH-sensitive dyes have been thus far unsuccessful (data not shown). Given the role of the v-ATPase complex in numerous acidification events in other biological contexts, however, our results seem to support the former of these hypotheses. Additional studies are needed to determine how the regulation of melanosomal pH influences vertebrate melanogenesis and melanosome biogenesis and to determine whether mutations in v-ATPase subunits underlie any ocular or oculocutaneous albinism disorders in humans.
The v-ATPase mutants appeared microphthalmic and from the combined results of BrdU and TUNEL assays, our data suggest that the microphthalmia results from several distinct, but probably related, defects in the mutant eye. First, increased numbers and ectopically located proliferative retinoblasts were observed in mutants at 48 and 60 hpf (Fig. 7) . v-ATPase mutants may simply be developmentally delayed, and because of this, the retinoblast cell cycle exit is slower than that in wildtype siblings. Conversely, v-ATPase complex function may be required for the exit of retinoblasts from the cell cycle for them to differentiate at the appropriate time. Indeed, from histologic examination, retinal lamination was slightly delayed at 2 dpf in the mutant eye, suggesting that neuronal differentiation is impaired in the mutants. At later time points, however, a decreased number of proliferating cells was observed in the CMZ, and these are concomitant with increased levels of apoptosis in the retina (Figs. 7, 8 ). Apoptotic cells were located internally in the retina, relative to the CMZ, suggesting that it is newly born retinal neurons undergoing apoptosis, not the proliferative cells of the CMZ. Collectively, these observations suggest two distinct roles for the v-ATPase complex in regulating later phase, CMZ-dependent retinal growth: v-ATPase function may be required for the maintained proliferation within the CMZ, and v-ATPase function may also be required for the survival of newly generated CMZ-derived retinal neurons. An alternative hypothesis that cannot as yet be ruled out is that the mutant CMZ continues to generate new cells, but at a slower rate, proportional to the decreased eye size that results solely from the increased levels of apoptosis in the mutants. That said, while scattered apoptotic cells were observed throughout the retinas of some of the mutants, surprisingly their numbers were few in most, and it is doubtful that this alone could explain the microphthalmia.
While additional experiments are necessary to fully determine the role of the v-ATPase complex during eye development, two testable models can be provided that could explain how the v-ATPase complex may mediate these proliferative and survival functions during eye formation, and these models are not mutually exclusive. (1) v-ATPase complex activity could be directly necessary within retinoblasts, to regulate their on-time cell cycle exit, and at later time points at the CMZ for maintained proliferation and survival of newly generated neurons. (2) v-ATPase complex activity could be essential for the normal development and function of the RPE, and ocular defects observed in the mutants could thereby stem indirectly from malformation, or hypopigmentation, of the RPE. Because v-ATPase transcripts were enriched in cells of the RPE (Fig. 6 30 ) and the RPE is known to play many important roles in regulating development of the retina, we favor the latter of these hypotheses. Indeed, in support of this notion, several other zebrafish mutations that affect the RPE display defects similar to those described herein for the v-ATPase mutants (e.g., Refs. 55, 56) .
Several growth factors and neurotransmitters are secreted by the RPE that could influence retinoblast proliferation and survival, 1, 57 and RPE pigmentation has been proposed to play a direct role in regulating the rate of cell division within the developing retina. 1,58 -61 These studies suggest that hypopigmentation of the RPE lengthens the retinoblast cell cycle thereby decreasing the rate of proliferation within the retinal neuroepithelium and resulting in smaller overall eye size. The molecular mechanisms underlying this effect are not known; however, one possibility is that ATP released from the RPE can regulate the rate of cell division in the adjacent retina. 58 If ATP levels were compromised in the v-ATPase mutant RPE due to hypopigmentation and/or RPE malformation, it could manifest during early eye formation as abnormal retinoblast proliferation. Similarly, the absence of RPE-derived growth factors could compromise the survival of newly generated neurons internal to the CMZ. Further experiments are necessary to determine whether the v-ATPase complex functions in regulating the proliferation and survival of retinal cells.
v-ATPase mutants possess obvious defects in photoreceptor morphogenesis where outer segments are malformed and photoreceptors are often observed to be associated in small groups, or rosettes, physically displaced from the abnormal RPE. Given the expression of v-ATPase subunits within the developing RPE, what is known about v-ATPase functions in other biological contexts, and, again, what is known with regard to RPE-retinal interactions, it is likely that the molecular mechanism underlying the photoreceptor defects in v-ATPase mutants stems indirectly from vATPase complex-dependent deficiencies within the RPE, rather than from direct roles for the complex within the photoreceptors. The RPE plays an integral role in photoreceptor maintenance, in part, by phagocytosing and degrading their continually growing outer segments in a circadian fashion. 10 In patients with age-related macular degeneration (ARMD), ingested photoreceptor outer segments are not readily degraded by the RPE, resulting in a buildup of lipofuscin and one of its principal components, A2E.
62-64 A2E accumulation in RPE lysosomes inhibits their ability to degrade outer segment debris and thus, this accumulation is thought to play a causative role in the progression of ARMD. 65 The molecular mechanism of A2E-dependent RPE dysfunction is not currently known, but one hypothesis is that A2E inhibits the v-ATPase thereby preventing lysosomal acidification and protein/lipid degradation in RPE cells. 66 v-ATPase mutants display a buildup of undigested outer segment debris in enlarged vacuoles within their RPE, and the most parsimonious explanation is that these vacuoles are lysosomal in origin. Because of a deficiency in v-ATPasedependent lysosomal acidification, lysosomal proteases remain inactive and ingested outer segments are not efficiently degraded, which leads to a poisoning of the RPE cell and, over time, an inability of these cells to continue to maintain the adjacent photoreceptors. Indeed, in vitro studies in cultured rat RPE cells support this hypothesis, and these studies have shown that that inhibition of the v-ATPase pump by bafilomycin A does not affect outer segment phagocytosis; rather, it leads to a buildup of ingested and undegraded outer segment debris. 67 As discussed earlier, several other mutants have been identified in zebrafish that present with ocular phenotypes similar to those described for the v-ATPase mutants. These include fading vision, which disrupts the silver gene encoding a protein that is essential for intraluminal fibril formation in melanosomes 56 ; leberknodel, which disrupts the Vam6p/Vps39p gene encoding a protein component of the HOPS complex, which is necessary for lysosomal tethering and fusion 55 ; and rep1, encoding Rab-escort protein 1, which is essential for posttranslational modification of Rab proteins. 68, 69 In addition there are several as-yet-uncloned mutations with ocular phenotypes resembling the v-ATPase mutations. These include gantenbein, bleached, fade out, piegus, punktata, and mizierny, which have yet to be positionally cloned. 55,70 -73 Each of these mutations has in common with the v-ATPase mutants a severe RPE hypopigmentation associated with RPE malformations and degeneration and defects in photoreceptor morphogenesis and survival. Photoreceptor defects in two of these mutants, fading vision and rep1, have been shown to result from defects in the RPE, 56, 69 and therefore it will be interesting to assay the autonomy of v-ATPase complex function in the zebrafish eye, as it relates to photoreceptor morphogenesis, as well as retinoblast proliferation and survival in the CMZ, to determine whether v-ATPase complex function is indeed the mediator within RPE cells of these developmental events.
